Abstract-Passive radar systems operate by employing cooperative or noncooperative radio signals in the environment in order to sense remote targets. This particular feature of passive radar systems provides unique opportunities to expand the coverage map of conventional radars. In using passive radar systems, any undesirable obstacle between the transmitted signal and the path of the desirable target can cause obliteration on the source signal and destroy its key correlative properties. The equatorial electrojet (EEJ) can have unfavorable effects on the operation of the prospective passive radar systems, which can conceivably employ very high frequency frequencymodulated (FM) radio signals around the magnetic equator. The EEJ is a strong flow of current in the upper atmosphere around 100 km of altitude over the magnetic equator. Because of the density irregularities within, the ionospheric current is a geophysical obstacle for the deployment of passive radar systems near those latitudes. In this paper, we assess the effects of the EEJ on the operation of FM-based passive radar systems. First, we simulate the EEJ as a communication channel based on its physical properties by using Gaussian random processes. We simulate the propagation of FM signals through this communication channel and determine the changes in their correlative properties. Finally, we present the experimental data that were collected near the magnetic equator that demonstrates the malfunction of the FM-based passive radar systems due to the EEJ. These observations and numerical results show that careful considerations must be taken when implementing FM-based passive radar systems at equatorial latitudes.
the equatorial electrojet (EEJ), which is a narrow band of eastward electric current flowing during the daytime hours in the ionospheric E region (∼95-115 km altitude) within ±3°o f the magnetic equator, as shown in Fig. 1 [4] , [5] . The intensity of the EEJ is determined by its electrical conductivity, which is proportional to the electric field and the surrounding magnetic field, and it changes as a function of altitude [6] . In the past, this structure of the EEJ was used for point-to-point communication links via forward scattering of radio waves [7] . However, the EEJ has the potential to affect the propagation of radio signals negatively when these signals travel/bounce off the electrojet. Especially, the systems employing this type of radio signals can become unfunctional because of the EEJ. For example, passive radar systems are instruments that utilize available electromagnetic illuminators from their surrounding environment in order to detect objects of interest. The lack of a dedicated transmitter reduces their operational and building cost while introducing imperceptibility for military applications. Hence, they have found practical use in many areas, such as tracking airplanes, ships, and detecting geophysical targets [8] [9] [10] . However, the noncooperative nature of the transmitters and inherited reliability problems makes these systems more suitable for noncritical services such as probing the Earth's atmosphere. For instance, there have been passive radar applications for the detection of meteors [11] . More recently, a coherent atmospheric passive radar instrument (CAPRI) system has been deployed to study the equatorial plasma instabilities for the first time [12] . Relatively, a simple implementation of passive radar systems is expected to grow in order to study atmospheric sciences, especially, around the magnetic equator.
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frequency-modulated (FM) (88-108 MHz) broadcasters are the most convenient way to set up a passive radar system. In addition, very high frequency (VHF) signals with frequencies above ∼30 MHz are known to penetrate through the ionosphere, and therefore, FM broadcasters constitute a good signal source to conduct atmospheric research and they can be used to detect distant targets as well [13] . At high latitudes, field-aligned nature of the ionospheric irregularities and magnetic field geometry restrict coherent scatter to the E region only. However, around the equator, where the magnetic field lines of the Earth are tangent to the Earth's surface, field-aligned plasma irregularity observations of the E and F region using passive radar systems are possible [14] . However, at very low latitudes, FM signals can interact with the EEJ and therefore lose their key correlative properties and make passive radar systems malfunction. The purpose of this paper is to investigate the effects of the EEJ on FM signals that could be potentially used in the implementation of passive radar systems.
First, we simulate the EEJ as a communication channel based on its physical properties by using Gaussian random processes. Next, we simulate the propagation of FM signals through this communication channel and determine the changes in their correlative properties as the signals reach the endpoint of the channel. Finally, we present the experimental data from the Jicamarca Radio Observatory (JRO) and CAPRI radar systems that demonstrate the malfunction of the FM-based passive radar systems due to the EEJ. This paper is organized as follows. In Section II, we describe and model the EEJ as a dispersive medium, which can be viewed as a communication channel. In Section III, in order to demonstrate the effects of the EEJ on passive radar operation, FM radio signals along with their corresponding ambiguity functions are analyzed using the EEJ model. In Section IV, the observational data are provided to support the presented simulations. Finally, in Section V, the conclusions and summary of the results are presented.
II. EQUATORIAL ELECTROJET AS A COMMUNICATION CHANNEL
Dispersion, in a communication channel, occurs when the refractive index of the medium spatially changes. This situation occurs inside the EEJ, where the changes of its refractive index do not follow a definite pattern [15] . Therefore, a statistical method is needed to characterize the EEJ's refractive index. Using both observations and statistics, Valladares and Woodman [16] proposed a mathematical model of the EEJ based on Gaussian random processes. They used their approach to implement a communication channel of the EEJ and succeeded in sending voice over the EEJ. Later, frequency diversity was added to the Valladares and Woodman's EEJ model and demonstrated that the EEJ could be used for both voice and data communications [17] . These two studies indicated the dispersive nature of the EEJ, which provides substantial delay and Doppler spread. In Section II-A, we present a communication channel model of the EEJ that is built on these earlier methods. 
A. Mathematical Model of the EEJ as a Channel
Wireless signal propagation is a complex phenomenon that depends on a variety of factors. A given electromagnetic signal will suffer attenuation, reflection, refraction, diffraction, and so forth depending on the nature of the obstacle it finds on its propagation path. Most of the time, a precise mathematical description of wireless signal propagation is either unknown or too complex. However, there are a number of simple and accurate statistical models that are very useful to study these situations, depending on the underlying propagation scenario and the surrounding environment [18] . Rayleigh fading is one of these statistical models that are optimal to analyze scenarios with many obstacles that scatter the signal before it arrives at its intended receiver. It is well known for modeling ionospheric signal propagation, where small particles cause signal dispersion similar to those that occur inside the EEJ.
Modeling of Rayleigh processes requires the realization of colored Gaussian random processes. The proposed mathematical model of the EEJ as a communication channel is based on generating a Gaussian random process using Gaussian power spectral density that is equivalent to generating a colored Gaussian random process.
It is a challenge to create a random process with an arbitrary power spectrum while independently specifying the amplitude distribution to be anything other than Gaussian. There are two fundamental methods for the generation of a colored Gaussian random process, which are Rice and filter. The Rice method, which is a frequency domain approach, requires the superposition of an infinite number of weighted harmonic functions in the time domain [19] , [20] . Thus, the Rice method cannot be digitally implemented but can only be used to approximate the probability density function to be Gaussian. A simpler substitute to the Rice method is the filter approach, which is based on the time-domain filtering of white noise, as shown in Fig. 2 [21] . In this figure, white noise, n [t] , is presented to the input of a linear time-invariant Gaussian filter, with the transfer function h [t] in the time domain [the corresponding H (ω) value in the frequency domain]. The resultant function, y [t] , is the colored Gaussian random process, which is a Gaussian random process in the time domain and has a Gaussian spectrum in the frequency domain. The bandwidth of the resultant Gaussian random process can be adjusted by the spectral variance parameter of the Gaussian filter, and the amplitude can be changed without any constraint as the unit area is not necessarily kept at a constant value [22] , [23] .
A sample output of the described system is shown in Fig. 3 . In this figure, the red solid line shows the Gaussian filter response with a half-power bandwidth of 50 Hz. The green curve is the corresponding output, which is the resultant colored Gaussian random process. Fig. 3 . Generated Gaussian random process with a Gaussian power spectrum. The green plot represents the spectrum of the output, y(t), which is generated by using the filtering method. The red plot shows the frequency response (Fast Fourier Transform) of the defined Gaussian filter. It is plausible to use the colored Gaussian random process function to represent each range radar return from the EEJ, as shown in Fig. 4 . Notice that the vertical width of the EEJ is reaching from 95 to 110 km and the stronger echoes are covering about 10 km of this width. The amplitude indicates the intensity of the EEJ's spectrum at a given range, while the spectral width corresponds to the movement of the irregularities that produce the radar reflections, particularly the turbulent movement of the irregularities produced by the EEJ echoes. It has been experimentally shown that the spectral width of the EEJ echoes varies from 20 to 100 Hz, and fading increases proportionally with the spectral width. The EEJ's parameters, which are needed to implement the proposed model such as bandwidth and amplitude of the EEJ at a height, were carefully selected from the experimental findings of [16] and [24] .
B. Application of the Model
The extent of the EEJ in altitude has inherent time dependences, which are triggered by internal and external factors of the medium [15] . However, in our simulations, we assume that the EEJ comprises a band of about 15 km in height. In this section, the previous model in Section II-A, which is for a single range, is expanded to cover the entire EEJ heights.
In today's digital radar systems, discrete radar echoes are sampled and stored sequentially from lower to higher ranges. A typical radar receiver system with a 200-kHz sampling rate will obtain samples at every 1500 m. Accordingly, the same receiver will collect ten samples from a typical 15-km EEJ region, where each sample corresponds to an EEJ layer in our simulation. This multilayer approach makes it possible to cover the whole EEJ range by utilizing the random process method mentioned earlier. Each layer can be characterized by different parameters to capture the EEJ's inherent properties. A block diagram of the corresponding approach is shown in Fig. 5 .
In Fig. 5 , we envision each EEJ layer having two parameters: spectral width and amplitude. These parameters are altitude dependent and were chosen according to the early observations carried out in [16] , [17] , and [24] . We assume a transmitted s FM (t) FM signal, which can be decomposed in classical orthogonal in-phase I FM (t) and quadrature Q FM (t) components, as the input to the EEJ region. To facilitate the analysis, we decompose the EEJ region in ten separate layers. Each layer is represented by a time-dependent function f EEJ (t), with two orthogonal components I EEJ (t) and Q EEJ (t), in order to emulate a communication channel. This function f EEJ (t) is used to modulate the input FM signal. The modulation process between s FM (t) and f EEJ (t) corresponding to one EEJ layer is shown in the following:
The modulated signal
Due to the thickness of the EEJ region, each modulated signal s out (t) from each layer of the EEJ will arrive at the receiver with different time delays δ. In this paper, the value of δ is the unit delay. These delays are shown on the block diagram as n×δ, where n indicates the index of each layer. The linear superposition of these signals is combined to produce 
III. PERFORMANCE EVALUATION

A. Self-Ambiguity Analysis
In the design of a radar waveform, range and Doppler resolution of the transmitted signal are two important parameters that control the ability to detect and resolve targets. The radar ambiguity function is a standard method for the evaluation of these parameters. It is basically a 2-D function of time delay and Doppler frequency, which represents the output of a matched filter [25] . It can be calculated by the expression
where A(τ, υ) is the self-ambiguity response of the signal s(t) at time delay τ and Doppler frequency υ. Considering υ = 0 and τ = 0, computation of this function will produce a global maximum at A(0, 0) where the perfect matching condition occurs. Likewise, for nonzero υ and τ , the range and the Doppler resolution of the target signal s(t) can be interpreted by observing the extensions of the peak at A(τ, υ). Unambiguous detection performance of a passive radar system, where the radar waveform is not in the control of the radar operator, can be measured by replacing s(t) in (3) with an equivalent signal captured from an illuminator embedded in the environment. For example, FM broadcasting, which typically uses the frequency range between 88 and 108 MHz, is well suited for passive radar operations with an ambiguity function response close to the ideal thumbtack appearance [26] . This scenario can be seen in Fig. 6 [27] , where the ambiguity function of a VHF FM-transmission signal was collected with the CAPRI system, around the magnetic equator near Lima, Peru. Notice that the broadcasted signal, which was sampled at 200 kHz for 100 ms, contains music information. In Fig. 6(a) , the peak value at A(0, 0) is clearly visible as well as with some sidelobes near 300 Hz. Other random fluctuations seen in this figure are due to modulation schemes inside the transmitted FM signal and the integration of noise over for 100 ms. The narrow peak feature of this ambiguity function renders very good clutter rejection. It has also very good correlation properties in both time and frequency domains, which are critical to resolve remote targets. Range and Doppler cuts of the given ambiguity function, showing high-quality resolutions, are shown in Fig. 6(b) and (c), respectively. Notice that if we consider that the transmitted FM signal is a function of time, at a specific moment; the sidelobe levels of about −18 dB signal-to-clutter ratio (SCR) for range and about −19 dB SCR for Doppler are excellent conditions of the ambiguity function.
B. Equatorial Electrojet Scattering and Multipath
The degradation effects of the EEJ on FM signals can be studied by using the corresponding EEJ channel model described in Section II. Injecting these FM signals at the input side of the EEJ and following their propagation through it will enable us to analyze their distortion effects on the output side of the EEJ model.
For instance, if we apply the FM signal inspected in Section III-A, through the modeled EEJ channel with the simulation parameters and reconstruct it using matching filter technique, this process will, in turn, produce the outcome shown in Fig. 7 . The empirical simulation parameters are determined from various communication experiments through the EEJ. Correspondingly, the spectral width varies from 20 to 100 Hz and the amplitude attenuation is varied parallel to the spectral width [7] , [16] , [24] .
Clearly, in Fig. 7(a) , the illuminator signal has suffered severe distortions, and therefore, it has lost the peak at A(0, 0) and those correlation properties shown in Fig. 6(a) . Notice that a qualitative assessment of the matched filter output indicates poor target resolution and clutter rejection. A closer inspection of range and Doppler cuts of the ambiguity function is shown in Fig. 7(b) and (c). Their corresponding sidelobe levels are about −7 dB SCR and −1 dB SCR for range and Doppler, respectively. Notice that the frequency resolution is very much lost due to the spectral broadening caused by propagation inside the EEJ channel.
One additional aspect to consider is that the ambiguity function performance of FM signals throughout the day is not consistent. The live broadcast power of these signals is a function of time, since the bandwidth of radio transmission changes during FM modulation of the RF carrier due to the contents of the broadcasted message [26] . Therefore, this situation can introduce random fluctuations affecting the performance and consistency of the corresponding ambiguity function. For example, it is known that fast music renders more fluctuation details and noiselike behavior in sidelobes and provides a better defined narrow correlation peak compared with speech contents. Thus, the effects of the EEJ channel on a passive radar performance can be more severe depending on the instantaneous broadcast content when a particular target is being sensed and studied.
IV. OBSERVATIONS
The JRO is one of the most important incoherent scatter radar (ISR) observatories around the magnetic equator. Besides the primary ISR, the facility incorporates many other instruments and operation modes. In this paper, the data from the JRO instruments are used in collaboration with the CAPRI data for the verification of the described mathematical model of the EEJ and the proposed theory.
From May 22, 2012 , to May 23, 2012 , observations made from the active radar and radio instruments of the JRO were investigated to find possible correlations with the CAPRI observations. Initially, the magnetometer records of the corresponding dates were investigated. It is known that the magnetometer data, particularly the horizontal magnetic field intensity, show strong correlation with the EEJ intensity [28] , [29] . Figs. 8 and 9 show the magnetometer data of May 22 and 23, 2012 from the JRO magnetometer database.
In Figs. 8 and 9 , the red lines indicate the declination angle, the blue lines indicate the horizontal magnetic field intensities, and the green lines denote the vertical magnetic field intensities. From these figures, it can be inferred that the horizontal magnetic field intensity starts to increase around 12:00 UT and settles around 20:00 UT, which corresponds to 7:00 LT and 15:00 LT. Solely, according to the provided magnetometer data, strong EEJ activity would be expected from 7:00 LT to 15:00 LT on both days.
The JRO ionospheric radar data are referenced for a further review to confirm the existence of the EEJ. Fig. 10 shows the range-time-intensity (RTI) data of May 22 and 23, 2012. The time scale on the figure is in LT (UT-5). During the given observation time except for some short periods, the EEJ had strong reflections. However, these observations were conducted by the high-power incoherent scatter transmitter of JRO, so the EEJ and spread F irregularities are expected to have very strong reflections. Nevertheless, EEJ reflections are visible between 7:00 LT and 15:00 LT, which overlaps with the magnetometer observations. The effects of the EEJ on passive radar operation can be best observed during the specified time frame.
A meteor reflection data from the CAPRI system from May 22, 2012 are shown in Fig. 11(a) . In the figure, there is a horizontal velocity line at around −400 m/s because of interference on the receiver site. A similar interference is observed at the Manastash Ridge Radar because of a nearby mountain [30] . The interference is always presented in the CAPRI system and confirms the correlation of the reference and the echo channels. The interference line in the CAPRI system is not visible when the EEJ activity is strong, as shown in Fig. 11(b) . It is concluded that the strong EEJ activity breaks the characteristic correlative properties required by the passive radar, which supports the proposed theory and the model.
V. CONCLUSION AND DISCUSSION
This paper reported the propagation effects of the EEJ on the performance of FM-based passive radar systems. We modeled the EEJ as a communication channel model and carried out numerical simulations of FM signals traveling through this media. According to the resolution analysis of FM waveforms, it has been shown that most of the characteristics of the ambiguity function are lost after passing through the EEJ channel. The correlation peak at A(0, 0) of the ambiguity function is missing, because the data from the reference and echo channels do not overlap. It is clear that EEJ channel significantly affects the frequency and the range resolution of FM signals. The sidelobe levels of the FM signal in range axis are increased and the SCR decreased from 18 to 7 dB. Also, in frequency axis, the SCR decreased from 19 to 1 dB.
RF illuminators employed in passive radar systems usually provide low instantaneous power levels compared with the conventional radar systems; thus, they require relatively long integration times to compensate for acceptable SCR ratios. Because of the time-varying nature of the target waveform and long integration times, ambiguity function sidelobes tend to mask target echoes. In passive radar applications, one of the challenges is to remove the effects of clutter/multipath in a direct signal. It has also been shown that around the magnetic equator, for any typical passive radar application, the EEJ introduces time-varying multipath effects, which require complex adaptive techniques for cancellation. The required complexity in signal processing will need to be taken into consideration in a possible passive radar system design to be deployed around the magnetic equator.
Overall, readily available illuminators wait to be exploited for passive radar applications with many advantages for atmospheric science at relatively lower costs compared with traditional techniques. One of the most important benefits of passive radars is the ability to use commercial frequency bands for atmospheric science. This feature can be used to investigate plasma irregularities at very small wave lengths. In addition, increasing the number of passive radar networks can provide continuity in observations and can notably increase spatial coverage. However, around the magnetic equator, the effects of the EEJ and the prospective receiver locations should be carefully studied for potential passive radar systems. The degrading effects of the EEJ will be perceived much more significantly for longer baselines in bistatic designs.
